The Escherichia coli O45 O-antigen gene cluster of strain O45:H2 96-3285 was sequenced, and conventional (singleplex), multiplex, and real-time PCR assays were designed to amplify regions in the wzx (O-antigen flippase) and wzy (O-antigen polymerase) genes. In addition, PCR assays targeting the E. coli O55 wzx and wzy genes were designed based on previously published sequences. PCR assays targeting E. coli O45 showed 100% specificity for this serogroup, whereas by PCR assays specific for E. coli O55, 97/102 strains serotyped as E. coli O55 were positive for wzx and 98/102 for wzy. Multiplex PCR assays targeting the E. coli O45 and the E. coli O55 wzx and wzy genes were used to detect the organisms in fecal samples spiked at levels of 10 6 and 10 8 CFU/0.2 g feces. Thus, the PCR assays can be used to detect and identify E. coli serogroups O45 and O55.
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Strains of Escherichia coli belonging to serogroup O45 have been isolated from animals and humans and classified as both enterotoxigenic E. coli and Shiga toxin-producing enterohemorrhagic E. coli (4, 16, 25) . In addition, E. coli O45 strains isolated from diarrheic dairy calves produced cytotoxic necrotizing factor and were designated as strains of necrotoxigenic E. coli (10) . Many E. coli O45 strains isolated from swine have been associated with postweaning diarrhea and demonstrated the attaching and effacing (A/E) phenotype, allowing them to adhere to intestinal epithelial cells (3) . Six E. coli serogroups, including O45, were associated with feral pigeons and produced a variant of Shiga toxin 2 called Stx2f (9) .
E. coli strains belonging to serogroup O55 have been classified as human enteropathogenic strains and are believed to be genetically related to enterohemorrhagic E. coli O157:H7, shown to have been derived from an O55:H7 ancestral clone (15, 23) . Because of the potential pathogenicity of E. coli isolates belonging to serogroups O45 and O55, rapid and reliable assays for detecting and identifying these serogroups in food, environmental, and clinical samples are needed.
Conventionally, antigenic analysis of the ca. 179 different O serogroups in E. coli is performed by agglutination reactions using antisera raised in rabbits against the O standard reference strains. O serotyping is laborious, and cross-reactions between different serogroups often occur, giving equivocal results. Furthermore, E. coli strains occasionally undergo transition from smooth to rough forms as a result of mutations in one or more of the multiple genes controlling synthesis and polymerization of the O antigen. Rough isolates do not produce an O antigen and therefore cannot be typed by using antisera. In view of these facts, there is a need for the development of alternative methods for identifying and typing E. coli serogroups. Lipopolysaccharides (LPS) are essential components of the gram-negative bacterial outer membrane. They are composed of three parts: lipid A, which is composed of sugars and fatty acids and anchors the LPS in the outer membrane through covalent linkages; an oligosaccharide core made of sugars and sugar derivatives; and a lateral polysaccharide chain (O antigen) responsible for the antigenic specificity of the smooth form of each of the E. coli serogroups. The O antigen contains many repeats (often 10 to 30) of an oligosaccharide unit (O unit) generally composed of three to six sugars. Different combinations of sugars in the O unit, as well as diversity of the chemical linkages between the sugars, determine the diversity of the O antigens. Further levels of variation are conferred by the addition of nonsugar moieties (such as O-acetyl residues or amino acids) and by differences in the modal length of the polysaccharide chains (13) .
In E. coli, genes encoding the enzymes involved in O-antigen synthesis are clustered in a chromosomal region referred to as the O-antigen gene cluster (formerly known as the rfb cluster), which is generally found between the galF gene and the gnd gene that encodes the housekeeping enzyme, 6-phosphogluconate dehydrogenase, involved in the pentose phosphate pathway (1, 2, 13) . Upstream of the O-antigen gene cluster, there is a highly conserved 39-bp element called the JUMPstart sequence (8) . The number of genes in the clusters varies depending on the complexity of the polysaccharide, and strains of different serogroups can show completely different gene sets. PCR-based tests amplifying certain genes in the E. coli O-antigen gene clusters have been found to be serogroup specific (5, 6, (19) (20) (21) (22) . The objective of this study was to develop rapid and specific PCR assays for detecting and typing E. coli serogroups O45 and O55 by targeting the wzx and wzy genes of the respective O-antigen gene clusters.
The bacterial strains used in the study were from the culture collection of the Gastroenteric Disease Center at The Pennsylvania State University. E. coli O45:H2 strain 96-3285 (Centers for Disease Control and Prevention, Atlanta, GA), which was used for DNA sequencing of the O-antigen gene cluster, and E. coli O55:H6 strain Su 3972-41 (World Health Organization) (12) were used for the development of the PCR assays. The other reference standard strains used belonged to serogroups O1 through O175 with the exceptions of serogroups O31, O47, O72, O93, O94, and O122, which are not designated (12) . Fifty-seven strains belonging to E. coli O45, 117 strains belonging to E. coli O55, and 47 non-O45 and non-O55 strains isolated from animals, humans, and the environment from the reference collection at the Gastroenteric Disease Center were used for determining the specificity of the assays. Sequencing of the O-antigen gene cluster of E. coli O45:H2 was performed as previously described following amplification of the cluster by long PCR using primers targeting the JUMPstart and gnd regions, DNase I digestion, and cloning (6) . The assembled sequences were imported into Artemis (14) , the open reading frames (ORFs) were located (a cutoff of 150 was used to determine ORFs), and the putative coding regions were ascertained by analyzing the similarity with other published sequences in GenBank. Analysis of the DNA sequence of the 14,483-bp region containing the O45 O-antigen gene cluster showed that it contained 13 complete ORFs, with all having the same transcriptional direction. The genes within the cluster, identified with various degrees of precision and named in accordance with the system proposed by Reeves et al. (13) , are shown in Table 1 . The E. coli O45 cluster consisted of genes involved in sugar biosynthesis pathways, sugar transferase genes, and O-antigen-processing genes, including the O-antigen flippase gene (wzx) that transports the repeat sugar units across the cytoplasmic membrane and the O-antigen polymerase gene (wzy) that polymerizes the repeat units. The transmembrane regions of the proteins were analyzed as described previously (17, 18) . The wzx and wzy genes, located between nucleotides 7144 and 8403 and nucleotides 9366 and 10514, respectively, were selected as targets for PCR assay development. In addition, the E. coli O55 wzx and wzy genes (GenBank accession number AF461121) (21) were also targeted for PCR assay development. Due to the relatively low similarity in Wzx and Wzy among different E. coli serogroups, the genes coding for these enzymes are suitable targets for serogroup-specific PCR assay development (5, 6, 19, 20, 21) Template DNA for the PCR assays was prepared by mixing a colony from the LB agar in sterile distilled water and heating at 100°C for 20 min in a heating block. The suspension was centrifuged at 13,000 ϫ g for 5 min, and the supernatant containing the DNA was used for the PCR. PCR assays were developed by using the primers listed in Table 2 , designed by using the Primer3 software program, for amplifications of regions within the wzx and wzy genes in the O-antigen gene clusters of E. coli O45 and O55 (21) . For the singleplex (wzx or wzy) PCR assays, each of the primer sets shown in Table 2 was used separately in the PCRs, and reaction mix contents for each PCR (11-l total reaction mix volume) consisted of 3 l of template DNA, 0.5 M of primers (Integrated DNA Technologies Inc., Coralville, IA), 0.18 mM concentration of each of the four deoxynucleoside triphosphates, 2 mM MgCl 2 (for the O55 wzx, O45 wzx, and O45 wzy PCR assays) and 3 mM MgCl 2 (for the O55 wzy PCR assays), 0.4 U of Taq DNA polymerase (PGC Scientific, Gaithersburg, MD), 50 mM Tris (pH 8.3), 250 g/ml bovine serum albumin, 2% sucrose, and 0.1 mM cresol red. The PCR was performed in a RapidCycler (Idaho Technologies Inc., Salt Lake City, UT) by using a rapidcycle DNA amplification method (24) and consisted of 30 cycles of template denaturation at 94°C, primer annealing and primer extension at temperatures and times indicated in Table  3 . The amplification products were subjected to electrophoresis in 1% agarose gels at 200 V for 1 h for all assays except for the O55 wzy PCR that was analyzed using a 2% gel. The gels were stained with ethidium bromide and visualized under UV light. Positive samples were identified based on the presence of bands of the expected sizes compared to results with O45 and O55 control standard reference strains.
A multiplex PCR assay targeting the E. coli O45 wzx and wzy genes ( Fig. 1 ) was performed by using primers O45wzx2 and O45wzy2 (Table 2 ) at 20 M concentrations for amplifying O45 wzx, following the thermocycling conditions presented in Table 3 . A multiplex PCR assay targeting the E. coli O55 wzx and wzy genes (Fig. 1) was performed using primers O55wzx2 and O55wzy1 (Table 2) at 50 M and 20 M concentrations, respectively, according to the PCR conditions listed in Table 3 . To establish that the multiplex PCR assay could be used to detect E. coli O45 or O55 in environmental samples, chicken feces (0.2 g) were spiked with E. coli belonging to either serogroup O45 or O55 at 10 6 and 10 8 CFU concentrations. The fecal matter was vortexed until homogeneous, and the DNA was extracted from the samples using the QIAamp DNA stool mini kit (QIAGEN, Inc.). Multiplex PCR assays were performed, and the results are shown in Fig. 1 . Multiplex PCRs targeting O45 wzx and O55 wzx genes were also performed (data not shown) for rapid detection of these serogroups by use of primer pairs for O45 wzx2 and O55 wzx2 (Table 2) using the PCR conditions described in Table 3 . Multiplex PCRs were as sensitive and specific as singleplex PCR.
TaqMan-based real-time PCR assays were also developed for detection of E. coli O45 and O55 targeting the wzx and wzy genes. Because the assay allows the detection of pathogens in real time during DNA amplification, this method is faster than conventional PCR and is advantageous for diagnostic purposes. Primers and probes were designed based on DNA sequences of the E. coli O45 wzx and wzy genes determined in the current study and on the O55 wzx and wzy genes as described previously (21) . The TaqMan probes were labeled with a fluorescent reporter dye, 6-carboxyfluorescein (FAM), at the 5Ј end and a quencher dye, BHQ1, at the 3Ј end (Biosearch Technologies Inc., CA). The primers and probes used for the assays are depicted in Table 2 . The real-time PCR assays were performed using the ABI PRISM 7700 sequence detection 4920 DEBROY ET AL. APPL. ENVIRON. MICROBIOL. DNA from pure cultures was purified by using the QIAquick PCR purification kit (QIAGEN Inc., CA) by following the manufacturer's protocol. DNA (8 l) was added to the mix, and the tubes were subjected to 50°C for 2 min and 95°C for 10 min, followed by 45 cycles of 95°C for 15 s and 60°C for 1 min. The tubes were held at 25°C for 2 min, and the fluorescence generated by the sequence-specific probes was measured. The ⌬R n is the fluorescence signal increase due to template amplification. The amplification plots were generated with the ⌬R n mean value on the y axis and the cycle number on the x axis (7). The threshold cycle is the cycle number at which the reporter fluorescence generated by the cleavage of the probe passes a fixed threshold value above baseline. A standard deviation of 10 units above baseline was used to determine the fixed threshold. The real-time PCR assays developed for E. coli O45 reproducibly showed a detectable fluorescence signal above the threshold at 14 cycles for 10 7 copies of wzx and wzy, and for E. coli O55, fluorescence above threshold was generated at 13 cycles for wzx at 10 8 copies of DNA and at 15 cycles for 10 7 copies of wzy. The specificities of the PCR assays targeting the E. coli O45 and O55 wzx and wzy genes were determined by using 168 O standard reference strains. Only E. coli O45 and O55 standard reference strains were positive for the O45 wzx and wzy and O55 wzx and wzy genes, respectively. Fifty-seven strains belonging to serogroup O45 collected from different sources over the last twenty years exhibited the presence of wzx and wzy by the PCR. Forty-seven randomly selected E. coli isolates belonging to serogroups other than O45 were negative for the presence of the E. coli O45 wzx and wzy genes. On the other hand, when 119 isolates belonging to E. coli serogroup O55 selected from our reference collection isolated during the past thirty-seven years were tested for the presence of the O55 wzx and wzy genes, 17 isolates out of 119 (14.2%) were negative for both genes. The 17 isolates that did not exhibit the presence of O55 wzx and wzy were again serotyped by conventional agglutination reactions using 179 different O antisera raised in rabbits against the standard reference strains as described previously (11) . Out of the 17 isolates that were previously designated O55, 9 cross-reacted with antisera raised against E. coli O83, O55, and O22, 4 cross-reacted with O55 and O83, 2 cross-reacted with O55 and O23, and 2 showed a very weak reaction with the O55 antiserum, indicating that these strains may not be O55 but could be related to some other O-antigenic types (Table 4) . It is not uncommon to find cultures that cross-react with O22, O83, O55, and O23 antisera. In our large collection of E. coli strains, there were 29 isolates that crossreacted with O83 and O22, 8 cultures that cross-reacted with O55 and O83, 5 cultures that cross-reacted with O22 and O55, and 3 strains that cross-reacted with O23 and O55 antisera. Therefore, these 17 isolates were probably not O55 and crossreacted with the O55 antiserum. Long PCR performed with all of these isolates, targeting the regions between gnd and JUMPstart, exhibited product sizes that were different than that of the reference O55 strain. EcoRI was used to digest the amplified gene cluster of all these isolates, and restriction fragment length polymorphism (RFLP) profiles were determined. While the RFLP pattern for O55 standard strain exhibited five fragments of the expected sizes, none of the other isolates showed a profile similar to the standard (data not shown). It was apparent that these 17 isolates did not belong to serogroup O55. Therefore, the PCR assays were more specific for E. coli serogroup O55 strains than conventional serotyping. None of the 21 non-E. coli bacteria exhibited the presence of the O45 and O55 wzx or wzy genes by the PCR exhibiting the specificity of the reactions. We have developed conventional (singleplex), multiplex, and real-time PCR assays for detection and typing of E. coli serogroups O45 and O55. The assays were found to be highly specific for the respective serogroups and can potentially replace conventional serotyping assays that are time-consuming and less specific. The PCR assays were used to detect E. coli O45 and O55 serogroup strains in spiked fecal samples and can potentially be used for detecting the presence of these serogroups in food, fecal, and environmental samples.
Nucleotide sequence accession number. The DNA sequence of the 14,483-bp region containing the O45 O-antigen gene cluster has been assigned GenBank accession no. AY771223. 
